Background: Bisphosphonates are an important component of the treatment of metastatic bone disease but more potent, oral formulations are required to improve the effectiveness and convenience of treatment. An oral formulation of the new bisphosphonate, ibandronate (BM 21.0955) has recently been developed.
Introduction
The bisphosphonates are an important new class of agents for the treatment of metastatic bone disease. In addition to their confirmed status as the treatment of choice for hypercalcaemia of maligancy [1] [2] [3] , randomised controlled trials have clearly demonstrated that long-term bisphosphonate treatment is effective in reducing skeletal morbidity in breast cancer [4] [5] [6] and multiple myeloma [7] [8] [9] with fewer skeletal related events, reduced pain and analgesic consumption, and improved quality of life.
Both regular monthly infusions of pamidronate [4, 5, 9] and daily oral administration of clodronate [6] [7] [8] have been shown to be of clinical value; however repeated intravenous infusions are inconvenient for patients, while the efficacy of the currently available oral bisphosphonates is compromised by poor absorption (0.5%-4%) from the gastrointestinal (GI) tract and in some instances by GI toxicity, particularly dyspepsia including occasional oesophagitis, nausea and vomiting, abdominal pain and diarrhoea [10, 11] .
Ibandronate is a highly potent amino-bisphosphonate which is licensed in Europe for the treatment of hypercalcaemia of malignancy, and in clinical development for both the treatment of metastatic bone disease, and the prevention and treatment of osteoporosis. Bisphosphonates are known to show dose-dependent inhibition of retinoid-induced hypercalcaemia in the thyroparathyroidectomized rat, and in this model ibandronate was found to be about 2, 10, 50 and 500 times more potent than risedronate, alendronate, pamidronate and clodronate respectively [12] . The intravenous route was 100 times more effective than oral administration, re-fleeting the typical poor absorption of bisphosphonates. However with such a potent agent, it is anticipated that sufficient amounts of oral ibandronate would be absorbed to inhibit effectively the accelerated bone resorption associated with metastatic bone disease. Originally an oral capsule was developed but this resulted in an unacceptably high incidence of gastro-intestinal adverse events [13] . As a result new formulations were developed including a film-coated tablet which, in animal models, exhibited the same effects on bone resorption as the original capsule.
The primary aim of this study was to define an effective oral dose of the film-coated ibandronate tablet for the treatment of metastatic bone disease. The safety profile and effects of different doses of ibandronate on the urinary excretion of urinary calcium and specific markers of bone resorption were evaluated over a 28-day treatment period.
Patients and methods
One hundred ten patients with radiologically confirmed bone metastases (77 breast, 16, prostate, 17 others) with a median age of 57 years (range 20-86) were recruited over a 12 month period from a single institution to a double blind placebo-controlled evaluation of the bisphosphonate, ibandronate (BM 21.0955). Patients were randomly allocated to placebo or 1 of 4 oral dose levels (5,10, 20 and 50 mg) given daily. The characteristics of the study population are shown in Table 1 .
No changes in systemic anti-cancer treatment were allowed in the month before commencing treatment or during the study period. At least two weeks had to have elapsed since radiotherapy to bone metastases. Patients with abnormal serum calcium (albumin corrected level either >2.7 mmol/1 or <2.0 mmol/1), a history of primary hyperparathyroidism, Paget's disease of bone, or receiving other drugs known to affect bone metabolism were ineligible. The study was approved by the South Sheffield Research Ethics Committee and all patients gave written informed consent prior to study entry.
Patients were instructed to take the ibandronate (placebo) tablet in the morning one hour before breakfast or the consumption of drinks containing dairy products. Patients were advised not to return to bed after taking ibandronate to minimise lodging of the medication in the oesophagus. After an initial four week tolerability and efficacy phase, patients were invited to continue on treatment, without unblinding the study, for a further three months with the aim of collecting additional safety data. Patients continued on the same dose of ibandronate with the exception of those patients who had been allocated to the placebo group during the first month; these patients received 50 mg ibandronate daily. On completion of the entire four month study period, patients experiencing subjective benefit could continue oral ibandronate on a named-patient basis. Calcium supplements were not prescribed.
Biochemical assessment of bone resorption was measured twice before commencing treatment and at weekly intervals during the fourweek placebo controlled phase of the study. Patients were advised to collect the second morning urine following an overnight fast and serum was collected as early in the morning as possible for measurement of bone formation markers, routine haematology and biochemistry, and drug levels. As in previous studies [14, 15] . all urine samples were acidified to prevent precipitation of insoluble calcium-phosphate complexes by the addition of I ml IN (3%) hydrochloric acid for every 20 ml urine and stored frozen at -20 C until analysis.
The primary variable was urinary calcium excretion calculated as a ratio of urinary calcium to urinary creatinine (UCCR). Bone resorption was also assessed by measurement of collagen crosslink excretion in the urine. Total pyridinoline (Pyr) and deoxypyridinoline (Dpd) excretion were measured by reversed-phase high performance liquid [16] . In a previous study, the upper limit of normal for Pyr and Dpd were 41.7 and 11.8 nmol/mmol creatinine respectively [14] . The peptide bound N-terminal and C-terminal portions of the collagen crosslinking molecules were measured by an enzyme-linked immunoabsorbent assay (ELISA) using the Osteomark® (NTX, Ostex®) [17] and Crosslaps® (CTX, Osteometer®) [18] assays respectively. With these assays, the upper limit of normal for NTX is 65 and 131 nMBCE/mM creatinine and for Crosslaps is 50 and 80 ug/mmol creatinine in premenopausal women/men and postmenopausal women respectively. Bone formation was assessed by serum measurements of osteocalcin using an ELISA assay to the mid molecular epitope (Osteometer 1 " 1 ) [19] , the bone specific isoenzyme of alkaline phosphatase (Boehringer Mannheim*), and the C-terminal propeptide of type 1 procollagen (PICP) (Osteometer A/S*) [20] , Tolerability was assessed weekly by the same study nurse throughout the trial and all adverse events (AE) graded as mild (no interuption/ change in study drug necessary), moderate (study drug interupted or discontinued) or severe (life-threatening or requiring hospitalisation).
Compliance was assessed by tablet counts at each visit and measurement of serum levels of ibandronate using an ELISA assay developed by Boehringer Mannheim. The lower limit of detection was 50 pg/ml.
Although not a primary aim of the study, an attempt to assess the effect of treatment on bone pain and analgesic consumption was made at each clinic visit during the first four-week placebo-controlled phase using the pain and anlagesic scoring system described previously by Coleman et al. [21] .
An ANalysis of COVAriance was used for analysis of the primary variable (UCCR) and the other bone resorption and formation markers. The relative change between groups was compared using the Kruskal Wallis test and pairwise comparisons of each two treatment groups made by the Wilcoxon rank-sum test. In addition the time normed Area Under the Curve (AUC) was calculated using the trapezoid formula for additional analyses of the changes in bone resorption markers.
Results
The treatment groups were well balanced for age, height, weight, disease type and baseline urinary calcium and collagen crosslink excretion. Two patients did not receive any trial medication due to hypercalcaemia. This was during the screening phase in one and due to withdrawal of consent in the other; thus, 108 patients were evaluable for safety. Ninety-two patients were evaluable for efficacy with sixteen patients excluded from the per protocol analysis because of early study withdrawal due to AE (ten patients), radiotherapy to bone lesions (two patients), high-dose corticosteroids administered (one patient), early death (one patient), lost to follow-up (one patient), poor compliance (one patient). Table 2 shows the effects of the four different doses of ibandronate and placebo tablets on bone metabolism. A dose dependent reduction in the biochemical markers of bone resorption was observed with the greatest changes seen in urinary calcium excretion and the peptide-bound fragments of type 1 collagen -Ntx and Crosslaps. Similar results were seen in all tumour types. There was no significant effect of treatment at any dose level on the three markers of bone formation. Figure 1 illustrates the time course of changes in urinary calcium for the five groups. The maximum suppression of urinary calcium was achieved by day 7 with ibandronate 20 mg and 50 mg, and by day 21 with ibandronate 10 mg; the 5 mg dose was less effective at all time points. The data show that there is a difference between placebo, 5 mg and 10 mg and between these three groups and 20 mg and 50 mg. ANalysis of COVAriance comparing the four-week value of UCCR between treatment groups with the baseline values indicated a significant overall effect of dose (P < 0.001) and also a statistically significant contribution of the baseline value of UCCR (P < 0.001, Table 3 ).
The baseline median values of the collagen crosslink measurements were in the region of that seen in early post-menopausal women indicating accelerated bone resorption. In Figure 2 the changes observed in urinary deoxypyridinoline (Dpd) excretion illustrate the dosedependent effects on bone resorption more clearly. Again the ANalysis of COVariance showed a dose-response relationship (P < 0.0023) and a statistically significant contribution of the baseline value (P < 0.0001, Table 3 ). All doses of ibandronate brought the mean urinary Crosslaps and Ntx excretion for each treatment group into the normal range (i.e., below the mean value of premenopausal women). A dose-response relationship (Crosslaps P < 0.0004; Ntx P < 0.007) and a statistically significant contribution of the baseline values (Crosslaps and Ntx P < 0.0001) were seen. The AUC analyses confirmed the findings comparing four-week values with baseline and are shown in Table 3 for all the bone resorption markers. Expressed in patient years, the total treatment duration for the 108 patients was 31.3 years. The exposure to 50 mg was double that of the other groups at 8.05 years because patients on placebo converted to ibandronate 50 mg after the first four weeks. Compliance appeared to be good and the serum levels obtained in 65 patients on day 21 of ibandronate reflected the administered dose ( Table 4) . The ibandronate serum level was below the lower limit of detection in 15 (23%) of patients (seven at 5 mg, seven at 10 mg and one at 20 mg).
In general, ibandronate was well tolerated. One or more gastrointestinal (GI) adverse events occuring in the first month of treatment were reported by six (30%), seven (33%), nine (39%), nine (41%) and eleven (50%) patients at the placebo, 5, 10, 20 and 50 mg dose levels respectively (Table 5) . One patient on ibandronate 20 mg developed severe dysphagia with oesophageal ulceration clearly demonstrated on barium swallow examination approximately one week after starting treatment.
The incidence of GI adverse events in the 5 mg treatment group was comparable to that experienced by the placebo group, and slightly less (but not significantly so) ). In the three-month follow-on study all doses showed similar tolerability (Table 5) ; patients who switched from placebo to 50 mg had the same incidence of GI adverse events as those who started on 50 mg. Nine (8%) patients stopped treatment within the first month due to GI intolerability but these patients were evenly distributed across the five treatment groups. GI tolerability may have been adversely affected by concommitant administration of non-steroidal anti-inflammatory agents although the study numbers were too small to confirm this clinical impression. There was no difference in non-GI adverse events between groups.
Although individual patients reported improvements in bone pain and were able to reduce their analgesic intake, no significant effects of treatment over time or between the treatment groups were demonstrated. Twenty-three patients who reported clinical benefit and good tolerability at the end of the four-month study period requested continued treatment with oral ibandronate in the context of named patient supplies for 3-36+ months. These requests were evenly spread across the treatment groups.
Discussion
On the basis of changes in biochemical markers of the rate of bone resorption, this study of oral ibandronate has clearly demonstrated efficacy at doses which were generally well tolerated. A four-week treatment reduced the excretion of calcium and collagen crosslinks in the urine with a clear dose response relationship; 5 mg was the minimum effective dose and the largest changes were seen at the 20 mg and 50 mg dose levels.
The reduction in urinary calcium excretion was the primary endpoint of the study since this was the most widely used indicator of bisphosphonate effects on calcium metabolism at the time the study was initiated. The fasting urinary excretion of calcium integrates both resorption and formation and it thus provides a marker of net resorption. Recent studies have shown that urinary calcium correlates poorly with the collagen crosslink measurements of bone resorption due to the influence of acute changes in parathyroid hormone induced by bisphosphonates [14, 15, 24] .
In recent years more sensitive and specific markers of bone resorption have been developed which we used as secondary end-points [14, 15, 22] . The excretion of the collagen breakdown products pyridinoline and deoxypyridinoline and the protein bound fragments identified by the Ntx and CTX assays confirmed a clear doseresponse relationship with, as seen in previous bisphosphonate studies [22, 23] , the greatest changes occuring in the urinary levels of the protein bound crosslinks. An ANalysis of COVAriance model showed that for most comparisons the 20 mg and 50 mg doses were more effective than the 5 mg and 10 mg doses. A much larger study would be necessary to define the optimum dose with more precision. As we have observed in previous studies, there were no significant differences in the biochemical responses observed in the breast cancer patients compared with the other tumour types (data not shown) [24, 25] .
As expected there were occasional patients who could not tolerate oral ibandronate due to gastrointestinal adverse events. A slight excess of GI adverse events occured at the 10 mg, 20 mg and 50 mg dosages but the number of patients who discontinued treatment because of adverse events was similar in all groups including placebo. GI adverse events were usually reported in the first 14 days of treatment such that the identification of patients unable to tolerate oral ibandronate was relatively straightforward. Apart from the one patient with oesophageal ulceration, all GI adverse events resolved on discontinuation of therapy within 24-48 hours.
The subjective benefits of oral ibandronate were difficult to demonstrate in this study, despite a relatively large cohort of patients receiving treatment unconfounded by other anticancer treatments. Undoubtedly individual patients reported significant and occasionally long-lasting improvement in pain but no consistent effect could be demonstrated. Reports of pain relief were unrelated to the dose of ibandronate or the changes observed in bone resorption markers. This is in contrast to the very clear effects of intravenous pamidronate [24] , clodronate [26] and zoledronate [27] in reducing bone pain and analgesic consumption, and improving mobility and quality of life through effective reversal of the tumour induced increase in bone resorption rates [24, 28] . Interestingly, although a reduction in skeletal related events has been demonstrated with oral bisphosphonates [6] [7] [8] , acute pain relief in metastatic bone disease has also not been convincingly demonstrated with either oral clodronate [29] or pamidronate [10] . For acute relief of severe bone pain, high doses of intravenous bisphosphonate appear to be necessary.
In conclusion ibandronate is a generally well tolerated oral amino-bisphosphonate with rapid and clear effects on surrogate markers of bone resorption. The 20 mg and 50 mg tablets would appear to be the most promising doses to take forward into phase III development in metastatic bone disease.
